Background: Multiple identical sets of sera from cancer cases and controls would facilitate standardized testing of biomarkers. We describe the creation and use of standard serum sets developed from healthy donors and pooled sera from ovarian, breast, and endometrial cancer cases. Methods: Two hundred seventy-five 0.3-mL aliquots of sera were created for each of the 95 healthy women, and residual serum was pooled to create 275 identical sets of 20 0.3-mL aliquots. Aliquots (1.0-1.5 mL) from 441 women were combined to create 12 breast and pelvic disease pools with at least 115 0.3-mL aliquots. Sets were assembled to contain aliquots from individual controls, replicates, and disease pools. Cancer antigens (CA), CA 125, CA 19.9, and CA 15.3, and carcinoembryonic antigen were measured in one set and in 217 women comprising six of the pelvic disease pools. Use of a set was illustrated for mesothelin (soluble mesothelin-related protein). Statistical output
Introduction
A popular model for the development of biomarkers for the early detection of cancer divides the process into five phases (1) . Phase I is the discovery of potential biomarkers by proteomic or genomic approaches. Phase II is the application of a working clinical assay in cancer case and control specimens to show that the marker can actually distinguish the two groups. Phase III uses retrospective banks of longitudinally collected specimens to establish whether the biomarker can detect preclinical disease. Phases IV and V prospectively evaluates the ability of the biomarker to reduce cancer morbidity and mortality in a cost-effective manner in field trials.
It is fair to say that the pace of discovery of potential new biomarkers far exceeds the current ability to move them forward to later phases of development. Even the seemingly easy task of moving a biomarker from phase I to II may pose a challenge. After a working serum assay has been developed, investigators must assemble cancer cases and controls. Blood from cases should be collected before any therapy that might affect biomarker levels. Demographics on cases and controls contributing sera should be available as well as comparative data for other tumor markers. In reality, biomarker developers often lack good clinical specimens for testing a potential marker and, as best they can, assemble convenience samples, often without good description of the demographics on subjects or normative data on other biomarkers. Ultimately, data may be published that have little possibility of allowing comparison with other biomarkers or generalizing to other populations.
One solution might be highly replicated (z100) sets assembled from large-volume serum samples split into multiple small-volume aliquots, with a set consisting of a single aliquot from each sample. Blood would be obtained from cases with the target cancer before treatment and from healthy matched controls. The large number of replicate sets would then provide a resource to standardize phase II screening of new candidate biomarkers for the target cancer. Investigators wishing to assess the performance of a new cancer biomarker could request a set, perform the assay in a blinded fashion, and submit the results for unbiased data analysis by an independent party who would return results to the investigator and make them available to the broader research community through an accessible Web site.
Practically, it is possible to prepare sets of multiple aliquots from blood electively donated by healthy controls; however, high-volume blood draws done preoperatively on cancer cases would not be safe or ethical. Pooling of small-volume case specimens is an alternate approach for obtaining multiple aliquots for cancer cases. Comparing assay results for a new biomarker in the pooled specimen with values from the individual control specimens would yield a simple test of the performance of a new marker compared with standard biomarkers already measured in the set. Multiple pools of cases with specific combinations of stage and histology could provide further insight into the characteristics of new markers. In this article, we describe the actual construction of standard serum sets for evaluating biomarkers for ovarian, breast, or endometrial cancer and discuss the inferences possible using pooled case specimens.
Materials and Methods
Individual Controls. Controls were recruited, screened, and phlebotomized through a commercial blood donation laboratory, Research Blood Components, LLC, in Brighton, MA. The study was approved both by the ''Partners'' Institutional Review Board, jointly covering protocols at the Brigham and Women's Hospital and the Massachusetts General Hospital, and by the New England Institutional Review Board covering donation of blood for research purposes at Research Blood Components. Subjects were recruited from prior donors, newspaper ads, and the Craig's List Web site. Subjects had no personal history or strong family history of cancer (i.e., two or more first-degree relatives with the same type of cancer or a mother or sister with ovarian cancer at any age or breast cancer diagnosed before age 50 years) and no medical problems that would preclude blood donation. We sought to match the ages of the donors with the ages of the cases selected for the disease pools. Eligible subjects completed a self-administered questionnaire capturing relevant medical history, including age, pregnancy and birth control history, and hormone and tobacco use. Participants consented to the use of their donated specimen and de-identified medical history by investigators affiliated with the Early Detection Research Network and received $50 for participating in the study.
Between December 2004 to January 2006, 98 women who were eligible agreed to participate and had 300 to 350 mL whole blood collected in standard 10 mL red-stoppered plastic serum tubes with clot activator (Becton Dickinson, Franklin Lakes, NJ). The specimens were allowed to clot for 15 to 30 min, centrifuged at f2,500 Â g for 15 min, and decanted to yield f100 mL of serum on each subject. The serum was stored at À80jC before transfer to the Tumor Marker Laboratory at Massachusetts General Hospital. After aliquoting, the serum on four of these subjects yielded less than the minimum 280 aliquots desired. One subject was redrawn; however, three others could not be redrawn and were excluded, leaving a total of 95 controls.
Construction of Disease Pools. Sera for the cancer and benign disease pools were collected under the ''Pre-Operative Pelvic Mass'' protocol at Partners and under the ''Blood and Tissue Bank for the Discovery and Validation of Circulating Breast Cancer Markers'' protocol at Duke. Under both protocols, blood was collected from subjects before surgical resection and included consent for sharing specimens with Early Detection Research Network investigators. Specimens for the pelvic disease pools (1-7 in the list below) were collected between January 2001 and November 2005 and for the breast disease pools (8) (9) (10) (11) (12) in the list below) between June 1999 and October 2005. All specimens were collected in redstoppered tubes and processed generally within 4 h (but not >12 h) after collection in a manner similar to that described above and stored at À80jC. There were 12 benign disease and cancer groups as described below (number of subjects contributing to each pool shown in parentheses): For the nonmucinous ovarian cancers, the distribution of histologies were 61% serous invasive, 13% endometrioid, 11% serous borderline, 9% mixed/undifferentiated, and 6% clear cell. Insofar as possible, we used equal volumes for each individual contributing to a pool. One original (and not previously thawed) 1.0-mL aliquot from each breast disease case and 1.5 mL from each pelvic disease case (three aliquots for the endometrial cancer cases) were thawed at 4jC and pooled to create a total volume of f45 mL for each of the 12 disease pools, which was placed in 250 mL disposable plastic beakers and homogenized by mixing. For all of the pelvic disease pools except the endometrial cancer group, there were a sufficient number of aliquots remaining to allow measurement of standard biomarkers on each of the individuals contributing to the pools.
Creation of Aliquots and the Standard Serum Sets. We used an automated system to fill, seal, and barcode 0.3 mL plastic capillary ''straws'' (Cryo Bio System, L'Aigle, France) from the freshly created disease pools or individual controls. For the latter, the frozen bulk specimens were thawed at 4jC and transferred to 250 mL plastic beakers for mixing, one at a time, before aliquoting. The aliquots created for each individual control and each disease pool were counted and stored in separate cylindrical containers called ''goblets,'' holding up to 144 straws, and placed in liquid nitrogen before assembly into the sets. Residual serum from controls, beyond that necessary for filling 300 straws, was combined into one pool and supplemented with pooled female sera used for laboratory standardization (ProMedDx, Norton, MA) to make 2 liters of serum. From this, 300 sets of 20 0.3-mL identical replicates were created for calculating the coefficient of variation of an assay. Straws were assigned randomly generated barcoded IDs such that a set recipient would be unaware whether the aliquot came from an individual control, a disease pool, or the replicate set. All automated aliquoting and labeling was done at room temperature and completed within 20 to 60 min.
After inventorying the straws created, the number of straws that could be used to construct sets of equal numbers was determined. The minimum number of aliquots for controls was 280, providing enough for 275 control sets and allowing at least five additional 0.3-mL aliquots for each control to measure standard markers. The number of aliquots created for the disease pools ranged from 117 to 150, allowing a minimum of 115 sets that could contain the breast disease pools and 135 sets that could contain the pelvic disease pools plus at least two additional aliquots for measuring standard markers. Twenty of the identical ''control pool'' replicates were added to each set. The 0.3-mL aliquots from each control, disease pool, and set of replicates were then reassembled to create standard serum sets, each contained in a goblet labeled to describe the set. Set 1 contains 95 individual controls and 20 replicates; 140 were created. Set 2 contains the controls and replicates plus seven pelvic disease pools; 20 were created. Set 3 contains the controls, replicates, seven pelvic disease pools, and the five breast disease pools; 115 were created. The goblets were then packaged on dry ice and sent by air express (World Courier) to the National Cancer Institute Biorepository (Frederick, MD), where the (still frozen) goblets were promptly transferred into liquid nitrogen storage tanks.
Measuring Standard Cancer Biomarkers. carcinoembryonic antigen (CEA), were measured in singlet using a fully automated immunoanalyzer (Modular E170; Roche Diagnostics, Indianapolis, IN). Reagent kits, calibrators, and quality control materials were purchased from the manufacturer (Roche Diagnostics). Reagent handling, instrument operation, and specimen testing were done according to manufacturer's guidelines. Quality controls were done each operational day, and proficiency was monitored by participation in the College of American Pathologists program.
The CA 125 assay is a double-antibody chemiluminescence immunoassay based on two monoclonal antibodies (M 11 and OC 125; Fujirebio Diagnostics, Inc., Malvern, PA The method used to measure soluble mesothelin-related protein (SMRP) in serum is a double monoclonal ELISA (MESOMARK, Fujirebio Diagnostics). The assay was done according to the manufacturer's recommendations, and results are reported as nanomoles per liter based on the manufacturer's calibration. There is no internationally recognized SMRP reference standard available at this time. The analytic sensitivity of the test is 2 nmol/L. The dynamic range of the assay is 2 to 32 nmol/L, and the reportable range extends up to 320 nmol/L using a 10-fold dilution. Study specimens were tested in duplicate. The imprecision (percentage coefficient of variation) of the test, based on two concentrations of manufacturer-supplied quality control materials containing 5.04 and 13.54 nmol/L, was 3.1% and 2.5%, respectively. Statistical Analysis. Single and multiple linear regression analyses were used to examine the influence of demographic and medical characteristics on marker concentration among controls after applying a logarithmic transformation on each marker. In univariate models, age and menopausal status affected the level of CA 125, CA 19.9, and CEA. In multivariate models, the effects of age and menopausal status were highly correlated. As menopausal status was a stronger predictor, age was dropped from the final multiple linear regression.
For the four standard markers in the six pelvic disease pools (1-4 and 6-7) in which we measured the markers in each individual case, we compared the concentration in the pool with the average from the individual measurements using a measure called the ''standardized bias.'' When pooling samples, the concentration of a biomarker in the pooled sample should be the average of the concentrations in the individual samples, assuming the same volume is contributed to the pool from each sample and the fact that concentrations combine linearly on the original concentration scale. Because the distribution of these markers are all strongly skewed to the right and cover orders of magnitude, a logarithmic transformation is required to achieve a distribution close to a normal distribution. Normal theory statistics, such as the mean and SD, are most appropriately calculated after transforming a variable to a scale for which it is more normally distributed than the original scale. Thus, the standardized bias is the number of SDs on the logarithmic scale that the pooled concentration is from the actual average.
Next, we compared the concentration of the markers in the pooled sample with the distribution in the appropriate control group. For the control groups, the median was always less than the average, and the distributions were skewed to the right similar to the cases. Log transformation on values measured in the control subjects resulted in distributions much closer to the normal distribution. When means and SDs are listed, they are always calculated on the logarithmic scale and then exponentiated back to the original biomarker scale for interpretation on a more familiar scale (although they are not precisely equivalent). To assess and rank the value of the biomarkers for detecting breast or pelvic disease, the number of SDs (in controls) in the pooled concentration that was above (or below) the mean of the appropriate control group was calculated. Such a quantity is often called a z value. The usual measure of a biomarker is its sensitivity at a high specificity, the estimation of which requires individual measurements on cases and control subjects. Because the reference set does not provide individual samples for cases, we assessed the accuracy of the z value as a surrogate for sensitivity. For the four standard markers in the six disease pools in which individuals were tested, we examined Pearson's correlation between the z value and the estimated sensitivity at 90% specificity. With fewer than 100 control subjects, this lower level was chosen because a higher specificity such as 95% to 98%, although desirable for ovarian cancer, would require around 500 or more control subjects to estimate accurately.
To simultaneously assess multiple markers, we calculated the multivariate version of the z value, namely the Mahalanobis distance, which is the squared distance between the multivariate concentration of the pooled sample and the multivariate mean of the controls normalized by the variance/covariance matrix (2). As above, biomarker concentrations are transformed to the logarithmic scale before calculating the Mahalanobis distance. Hence, for multiple markers, the square root of the Mahalanobis distance is analogous to the z value and is exactly equivalent for one marker. We use this measure to rank pairs of biomarkers and provide an assessment of the complementarity of an additional marker compared with the z value for the current best single marker (e.g., CA 125 for ovarian cancer).
Results
Coefficients of Variation and Effects of Control Characteristics on Standard Markers. Based on the 20 identical aliquots, the coefficients of variation for the four standard markers were as follows: CA 125 (1.9%), CA 19.9 (1.7%), CA 15.3 (2.5%), and CEA (2.6%). Several demographic/medical variables were found to affect the level of the standard markers measured in controls (Table 1) . Postmenopausal women had significantly lower CA 125 levels but higher levels of CEA levels and CA 19.9 compared with premenopausal women. Whites had higher levels of CA 125 and CA 15.3 compared with nonWhites. Women who had ever smoked had higher levels of CEA compared with women who never smoked. Women who had ever been pregnant had higher levels of CEA compared with women who had never been pregnant in a univariate comparison; however, this effect diminished when accounting for the other variables in the multivariate model. There were no effects on any of the four standard markers due to ever use of birth control pills or menopausal hormone therapy (data not shown).
Compared with the racial distribution of controls of 83% Whites and 17% non-Whites, the racial distribution of the women contributing to the pelvic pools was 216 (94.3%) Whites and 13 (5.7%) non-Whites, indicating significantly fewer non-Whites in the pelvic disease pool. For women contributing to the breast disease pools, there were 171 (80.7%) Whites compared with 41 (19.3%) non-Whites, which did not differ significantly from controls. The proportions of premenopausal and postmenopausal women among the pelvic disease pools, 37.1% premenopausal and 62.9% postmenopausal, were nearly identical to the control distribution, 41% premenopausal and 59% postmenopausal, whereas there were fewer (but not significantly fewer) postmenopausal women among those contributing to the breast disease pools, 48.6% premenopausal and 51.4% postmenopausal. The pelvic disease cases did not differ significantly from controls in gravidity, birth control or hormonal therapy use, and smoking (data not shown). These variables were not available for the individuals contributing to the breast disease pools. Table 2 compares the pooled value for the standard markers CA 125, CA 15.3, CA 19.9, and CEA with the actual mean observed in the six pelvic disease pools for which individual aliquots were available using the standardized bias. In general, a standardized bias between plus or minus one quarter (0.25) of a SD is desirable; standardized biases in this range were observed for all of the 24 disease-by-marker groups, except for CA 125 in postmenopausal women with benign disease, CEA in premenopausal women with endometriosis, and CA 19.9 in women with mucinous tumors. That the three largest biases occurred in three different pools and for three different markers suggests that neither a laboratory error in pooling nor a systematic problem in one of the assays when measuring pooled samples are likely causes of the biases.
Pooled Marker Values Compared with Actual Means.
Z values and Relation to Sensitivity. Table 3 shows the z values for the four standard markers in the 12 disease pools based on the pooled value alone. (We note that for the premenopausal control group, there was one very distinct outlier for CA 125 that was removed before calculation of the mean and SD for controls). In general, the greater the z value is above 3.0 (or below À3.0 in the event the candidate biomarker is decreased in cases), the greater the likelihood that the candidate biomarker significantly distinguishes cases from controls. It is not surprising that CA 125 was an especially strong marker for the pelvic diseases. None of the markers for breast cancer did as well as CA 125 for ovarian cancer, with the strongest being CEA for estrogen receptor -positive invasive breast cancer in postmenopausal women (z = 1.2).
Although the sensitivity of a marker cannot be determined when only the pooled value is available, the relationship between z value and sensitivity for the four standard markers can be examined in the six disease pools for which individual marker values were available. Figure 1 shows the correlation between z value and the corresponding sensitivity (at a fixed specificity of 90% in controls). There was a very good correlation (q = 0.93) between the z value and sensitivity, suggesting that the z value is a reasonable surrogate for ranking biomarkers and for sensitivity when only the pooled value is available for cases.
Assessing Pairs of Biomarker Candidates. A ranking of pairs of biomarkers for each disease pool is gained by calculating the Mahalanobis distance between the pairs of concentrations for a pool and the mean of the controls (2). The square roots of the Mahalanobis distances for bivariate combinations with CA 125 are shown in Table 4 to provide a measure of complementarity to CA 125 and are directly comparable with the z values for CA 125 alone. These values provide benchmarks for new biomarkers when combined in pairs. For example, if a new biomarker combined with CA 125 had a (square root) Mahalanobis distance >11.9 for postmenopausal women with advancedstage, nonmucinous cancer, then we could conclude that the new biomarker complemented CA 125 better than CA 15.3 and would likely have a higher joint sensitivity with CA 125 than with CA 15.3.
Anticipated Output for a New Marker. The output anticipated for a marker to be evaluated through use of a standard serum set is illustrated for a prototypic ''new'' Table 4 ). The coefficient of variation of SMRP was 6.9%, calculated using the 20 replicate aliquots included in the set.
Discussion
Pooling of specimens is suggested as a cost-effective way to obtain population estimates for the frequency of infectious diseases (3) or even genetic mutations (4). In the context of evaluating biomarkers for disease, pooling reduces the expense of costly assays by creating multiple small pools from both the cases and controls by combining specimens from two, four, or more (but generally less than 10) individuals in each group (5) . Simulated experiments show that this strategy produces reliable estimates of sensitivity and specificity for the biomarker compared with testing each individual in the sample. Our concern, however, is not the cost of the assay but, rather, generating multiple (hundreds) of identical sets of specimens to allow a comparative database on many candidate biomarkers to be developed. Especially for valuable (preoperative) case specimens, creation of cancer pools may be the only feasible option for developing a large number of multiple aliquots. For controls, pooling even small numbers of individuals is unnecessary when healthy blood donors can be recruited. In this article, we describe the creation of a standard serum set for the initial assessment of cancer biomarkers in women and explore its potential value as a tool for screening new candidate biomarkers for ovarian, breast, and endometrial cancer. We believe that our analyses show that valid inferences can be made about the potential of a biomarker to distinguish diseased cases from controls. By measuring four standard biomarkers in six disease sets, we showed that the concentration of a biomarker in a pooled specimen is generally within one quarter of a SD, which could be derived if the individuals contributing to the pool had each been tested.
We then calculated z values to measure how distant the marker concentration in the pool was above (or below) the mean of the control group (relative to the control SD). Z values are calculated after transforming the original biomarker values to a scale for which the distribution in the control group was closer to the normal distribution. For the four standard biomarkers and SMRP, this transformation was the logarithm, but other transforms for new biomarkers are entirely possible (e.g., the Box-Cox family of transformations; ref. 6). Using 
The formula for standard bias follows from the sequential application of two principles. The first is that pooling of samples averages the individual concentrations for the cases by linearity of concentrations in mixing equal volumes. Therefore, the first calculation is ''mean (individual cases),'' and this value is compared with ''pool value.'' The second is that normal theory should be applied on a scale for which the distribution is closest to normality. Hence, the next step is to apply the transform, in this case ''log,'' to all measurements in the calculation, then determine the difference and the SD on the scale that is closest to normality. *Standard bias = [log(pool value) À log(mean(individual cases))] / SD(log(individual cases)).
disease sets for which we had measured the standard markers in the individuals contributing to the pools, we showed that there was a good correlation between sensitivity and the z value. Z values of z6 were generally associated with sensitivities of z80% at 90% specificity in our set of cases and controls.
It is important to note that the z value is not a perfect surrogate for the sensitivity at a given specificity. In the standard biomarkers tested here, the shape of the distribution in the cases was similar to the distribution in the controls (normal on the logarithmic scale), except for a substantially increased mean (in many groups) and an increased SD. If, for a new biomarker, the investigator believes the distribution in the (unmeasured) cases would differ substantially in shape from the distribution in the controls, and not just an increase in the mean and SD, then the z value would be a less reliable surrogate than has been found here for the standard biomarkers. In such situations, the decision for the next stage of biomarker development would rely less on the results of this standard specimen set than in situations in which the biomarker distribution in cases relative to controls behaves similarly to the standard biomarkers. In any case, the pooled nature of the cases for this standard specimen set implies the decision for the next step would be of a moderate nature, such as further refinement of the assay or recommendation of testing in individual cases, rather than, for example, recommending immediate evaluation in a prospective clinical trial of early detection.
An extension of the z value for a combination of two markers is the square-root Mahalonobis distance. This allows an estimate of the complementarity of two markers even when based only on pooled values. Theoretically, the Mahalanobis distance could be extended to any number of markers. However, these reference sets are designed for initial triaging; extending this approach to panels with more than two markers requires estimation of an increasing number of covariances from a fixed moderate number of control subjects, resulting in estimates that may not be accurate.
We also showed the type of output we can expect when a new marker (exemplified by SMRP in this article) is evaluated using only the pooled values. Excellent z values were observed for advanced-stage nonmucinous ovarian cancers (although not better than CA 125). Based on these findings, we would certainly not discourage further studies of SMRP, now using individual cases; however, further refinements to the assay or automation might be necessary to bring it up to the level of CA 125 or to improve its coefficient of variation from the 6.9% we observed. However, based on our results, we would also expect SMRP to have little value in detecting mucinous types of ovarian cancer or breast cancer.
Additional information about a biomarker that can be derived from use of this standard serum set comes from analysis of demographic or medical characteristics that might affect the level of a biomarker. For the standard markers, race, menopausal status, and smoking were found to affect marker levels. Although we did not have a large number of control subjects, it is reassuring that we confirmed several associations previously identified, including lower levels of CA 125 in postmenopausal women (7) and higher levels of CEA in smokers (8) .
This discussion of (confounding) variables that might affect marker levels highlights one of the major limitations of using pooled specimens, namely, the inability to adjust for these variables in examining marker performance. When marker values in individual cases and controls are available together with the demographic information, then adjustment for characteristics can be carried out in analyses of the marker performance. With pooled specimens, such control is only possible at the stage of the original construction of the set in being certain that the controls selected for study matched the demographic characteristics of the individual cases selected for the disease pools. Although the match was reasonable in this set with regard to menopausal status, some disease subsets may differ from controls for other variables. Thus, it is important to understand which demographic variables might affect the markers. For example, in evaluating SMRP, postmenopausal women had higher levels (a mean of 0.6 nmol/L for premenopausal women compared with 0.8 nmol/L for postmenopausal women). Although statistically significant, this difference is small compared with the pooled values between 5 and 6 nmol/L for women with nonmucinous ovarian cancer.
Other potential weaknesses of the set include processing artifacts, heterogeneity of cases, and freezer degradation.
Although we aimed to process case bloods within 4 h of draw, the fact that controls were drawn in the same location as the blood was processed undoubtedly led to much shorter times between draw and processing for controls. Although we think this is unlikely to affect robust immune-based assays, our set would not be ideal for techniques sensitive to processing differences such as global proteomic searches. Freezer degradation is possible but expected to be minimal in liquid nitrogen and can be periodically assessed by rerunning the standard markers for the replicate aliquots. Diversity of cancer types could also obscure the value of markers that vary substantially by cancer subtypes. Our separation into mucinous and nonmucinous types of ovarian cancers was intended to address major known contributors to marker variation in ovarian cancer but would not be satisfactory in pinpointing a marker, say for clear cell cancer of the ovary that comprised only 6% or serous borderline tumors comprising 11% of the nonmucinous cases in this series. New pools can be created as knowledge of the molecular profiles of cancer increase.
We believe that the true value of these serum sets will be in standardizing an evaluative process for candidate biomarkers Figure 2 . Anticipated output for a new marker, illustrated using SMRP (mesothelin).
